The human cytomegalovirus 72-kDa immediate-early (IE)1 and 86-kDa IE2 proteins are expressed at the start of infection, and they are believed to exert much of their function through promiscuous transcriptional activation of viral and cellular gene expression. Here, we show that the impaired growth of an IE1-deficient mutant virus in human fibroblasts is efficiently rescued by histone deacetylase (HDAC) inhibitors of three distinct chemical classes. In the absence of IE1 expression, the viral major IE and UL44 early promoters exhibited decreased de novo acetylation of histone H4 during the early phase of infection, and the hypoacetylation correlated with reduced transcription and accumulation of the respective gene products. Consistent with these findings, IE1 interacts specifically with HDAC3 within infected cells. We also demonstrate an interaction between IE2 and HDAC3. We propose that the ability to modify chromatin is fundamental to transcriptional activation by IE1 and, likely, IE2 as well.
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gene regulation ͉ chromatin remodeling ͉ transcriptional activation H uman cytomegalovirus (HCMV) is a ubiquitous ␤-herpes virus that can cause life-threatening disease in immunologically immature or compromised individuals, including AIDS patients, transplant recipients, and congenitally infected neonates (1) . Infection of permissive cultured cells with HCMV results in the sequential expression of three classes of viral genes termed immediate-early (IE), early, and late (2) . Expression of IE genes is a prerequisite for progression into the early phase of the infectious cycle and the subsequent replication of viral DNA, which is, in turn, required for entry into the late phase, culminating in virion assembly (2) .
Among the most abundant IE gene products are the UL123-coded 72-kDa IE1 and UL122-coded 86-kDa IE2 proteins. Their mRNAs are derived by differential splicing of a primary transcript, whose synthesis is controlled by the major IE promoter. Both proteins target to the host-cell nucleus and act as promiscuous transcriptional activators. In fact, IE1 and IE2 cooperate to stimulate transcription from various promoters (2, 3) . Mutant studies have shown that IE2 is indispensable for viral early gene expression in cultured cells (4, 5) . Although IE1-null viruses replicate quite efficiently at a high input multiplicity, the absence of IE1 results in a broad block to HCMV early gene expression at a low multiplicity of infection (6) (7) (8) . IE1 interacts with constituents of ND10 bodies as well as with chromatin, but it does not appear to bind DNA directly (9) (10) (11) (12) (13) .
Like the cellular genome, HCMV DNA is associated with histones, at least during certain stages of the infectious cycle (14) (15) (16) . The expression of cellular genes is regulated by posttranslational modification of the amino-terminal tails of core histones by reversible acetylation and subsequent changes in local chromatin structure and composition (reviewed in ref. 17) . Steady-state acetylation levels of core histones and other nuclear proteins result from the balance between the opposing activities of two classes of enzymes: histone acetyltransferases and histone deacetylases (HDACs). In general, histone acetyltransferase activity leading to hyperacetylation of histones is associated with transcriptional activation (reviewed in ref. 18) , whereas HDAC activity resulting in hypoacetylation is linked to repression (reviewed in ref. 19 ).
This study demonstrates that HCMV IE1, and probably IE2 as well, promotes viral transcription by antagonizing histone deacetylation.
Materials and Methods
Biological and Chemical Reagents. The plasmids pCGN-IE1, pCGN-IE2, pcDNA-IE1, pGL3-ICP36, and pGL3-MIEP have been described (13, 20, 21) . For the construction of pcDNA-IE2, the HCMV IE2-coding region from pCGN-IE2 was inserted into the KpnI site in pcDNA3 (Invitrogen). The plasmid pcDNA-HDAC3-Flag was a gift from E. Verdin (University of California, San Francisco).
Human MRC-5 embryonic lung cells (European Collection of Cell Cultures) and human H1299 lung carcinoma cells were cultured in medium containing 10% FCS. MRC-IE1 cells were generated by transducing MRC-5 fibroblasts with an HCMV IE1-expressing retrovirus that was produced by transfecting ⌽NX-Ampho cells (a gift from G. Nolan, Stanford University, Stanford, CA) with a pLXSN-derived plasmid (BD Biosciences Clontech) containing the IE1-coding sequence followed by selection with G418. The IE1-deficient HCMV (CR208) and its parental WT strain (Towne) (7) were provided by E. Mocarski (Stanford University). WT and mutant HCMVs were grown and titered on MRC-5 or MRC-IE1 cells, respectively.
HDAC inhibitors were obtained from Biomol (Helminthosporium carbonum toxin, HC toxin) or Upstate Biotechnology (Lake Placid, NY) [trichostatin A (TSA) and sodium butyrate]. Maximum subtoxic drug concentrations were determined by using a commercial cell-viability assay (CellTiter 96 AQueous One solution cell-proliferation assay, Promega).
Immunoprecipitation and Western Blot Analyses. For coimmunoprecipitation analyses, H1299 cells were transfected with 10 g of expression plasmid or empty vector by using calcium phosphate precipitation, or MRC-5 cells were infected with WT or mutant HCMV at a multiplicity of 5 median tissue culture 50% infective dose (TCID 50 ) per cell. Subsequently, cells were harvested and resuspended at 4°C in lysis buffer [20 mM Tris⅐HCl, pH 8.0͞100 mM NaCl/1 mM EDTA͞0.1% Nonidet P-40͞1 mM DTT͞10% glycerol/protease inhibitor mixture (Complete Mini, Roche)], and sonicated on ice, and lysates were clarified by centrifugation at 10,000 ϫ g for 10 min. The supernatants were precleared by using protein A Sepharose (Sigma-Aldrich) and then incubated with appropriate Ab-coupled beads at 4°C for 3 h, followed by four washing steps with wash buffer (50 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞0.1% Nonidet P-40). For Western blotting, washed Sepharose beads or whole-cell protein extracts were prepared in lysis buffer [50 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞0.1% SDS͞1% Nonidet P-40͞0.5% sodium deoxycholate/protease inhibitor mixture (Complete Mini, Roche)] and mixed with 2ϫ sample buffer (100 mM Tris⅐HCl, pH 6.8͞4% SDS͞0.2% bromophenol blue͞20% glycerol͞0.2 M 2-mercaptoethanol), followed by heating at 95°C for 5 min. Proteins were then assayed by Western blot analysis as described (13) . The following Abs or Ab-agarose conjugates were used in these studies: anti-HCMV IE1, clone 1B12 (20) ; anti-HCMV IE2, clone 3A9; anti-HCMV pp28, clone 10B4-29 (22) , antihistone H3 (Upstate Biotechnology); anti-acetyl-histone H3 (Upstate Biotechnology); anti-HDAC3, clone 3G6 (Upstate Biotechnology); anti-Flag polyclonal (Sigma-Aldrich); anti-Flag M2 agarose affinity gel (Sigma-Aldrich); and anti-hemagglutinin (HA) agarose, clone HA-7 (Sigma-Aldrich).
Chromatin Immunoprecipitation and RNA Quantification. Chromatin immunoprecipitation assays were performed after the protocol from Upstate Biotechnology with minor modifications. Protein from 5 ϫ 10 6 MRC-5 cells was immunoprecipitated with a polyclonal rabbit antiserum directed against amino-terminally acetylated histone H4 (Upstate Biotechnology). Quantitative real-time PCR amplifications were carried out in triplicate on 2 l of purified DNA in the presence of 0.5 M of each primer and 4 mM Mg 2ϩ . The annealing temperature was decreased during the first cycles from 64°C to 56°C at a rate of 0.5°C per cycle. Relative changes in coprecipitated DNA were normalized to input DNA and calculated by using the relative quantification strategy described at www.lightcycler-online.com͞lcsupport͞ pdfs͞lc13.pdf. The PCR-amplified regions comprised 284-, 275-, or 230-bp sequences at the 3Ј ends of the major IE, UL44, or c-fos promoters, respectively, covering the transcription start sites. The primer sequences were as follows: MIEP, 5Ј-CTTACGGGACTTTCCTACTTG-3Ј (forward) and 5Ј-CGA-TCTGACGGTTCACTAA-3Ј (reverse); UL44P, 5Ј-AACCT-GAGCGTGTTTGTG-3Ј (forward) and 5Ј-CGTGCAAGT-CTCGACTAAG-3Ј (reverse); and c-fosP, 5Ј-GAGACCTCT-GAGACAGGAACT-3Ј (forward) and 5Ј-CAGATGCGGTTG-GAGTAC-3Ј (reverse).
For quantification of viral transcripts, total RNA was isolated from 2.5 ϫ 10 6 cells with TRIzol (Invitrogen). RNA was further purified by using the RNeasy Mini kit, including a DNase digestion step (Qiagen, Valencia, CA). Purified RNA (5 g) was converted into cDNA by using an oligo(dT) primer and SuperScript III enzyme (Invitrogen), and quantitative real-time PCR was performed as described above by using 2 l of 1:10 diluted first-strand cDNA and the following primer pairs: UL44, 5Ј-GCTGTCGCTCTCCTCTTTCG-3Ј (forward) and 5Ј-TCACG-GTCTTTCCTCCAAGG-3Ј (reverse); and UL122, 5Ј-CAA-GAGTGGGTTGTCAGCGTG-3Ј (forward) and 5Ј-GGCA-GAACTCGGTGACATCC-3Ј (reverse).
Results

HDAC Inhibitors Rescue the Growth of an IE1-Deficient Mutant Virus.
HCMV IE1 is a promiscuous trancriptional activator, and it associates with chromatin (9, (11) (12) (13) . Also, the murine cytomegalovirus IE1 protein, although it is not related in its sequence to the HCMV IE1 protein, modulates the acetylation of chromatin (23) . Consequently, we hypothesized that HCMV IE1 might stimulate gene expression by modifying histone acetylation. As an initial test of this idea, we sought to determine whether the replication of CR208 [an IE1-deficient HCMV mutant whose replication is substantially impaired at low input multiplicities (6, 7)] could be rescued by TSA [a specific inhibitor of class I and II HDACs, which causes global hyperacetylation of core histones (24) ]. We infected human MRC-5 fibroblasts with CR208 or its WT parent (Towne) at a multiplicity of 0.1 TCID 50 per cell in the continuous presence or absence of TSA. We monitored the accumulation of two virus proteins (Fig. 1A ) and the production of infectious progeny (Fig. 1B) . As expected, the growth of CR208 was severely delayed when compared with WT, and this impairment was manifest in both reduced viral protein levels and decreased yields of infectious virus. However, in the presence of TSA, the mutant displayed accelerated and enhanced accumulation of viral proteins, and its growth kinetics were similar to the IE1-expressing parental virus. Importantly, the HDAC inhibitor did not stimulate growth of the WT virus, indicating that the drug specifically complemented the lack of the IE1 gene.
To exclude the possibility that TSA, a hydroxamic acid derivative, promotes growth of the mutant virus by means of an effect that is unrelated to inhibition of histone deacetylation, we tested two additional HDAC inhibitors belonging to different chemical classes: sodium butyrate, which is a short-chain fatty acid (25) , and HC toxin, which is a cyclic tetrapeptide antibiotic (26) . Both drugs were even more effective than TSA in compensating for the loss of IE1 function (CR208, Fig. 1C ). HC toxin was particularly potent, raising the yield of CR208 by a factor of Ͼ200 to a level that was indistinguishable from the WT virus yield. Also, these results correlated with stronger histone H3 hyperacetylation induced by sodium butyrate and HC toxin compared with TSA (Fig. 1D) . Although the continuous presence of TSA or HC toxin had only small inhibitory effects on the growth of the parental Towne virus, sodium butyrate reduced WT yields almost 30-fold (Towne, Fig. 1C ) under conditions in which mutant virus yields were still 100-fold enhanced (CR208, Fig.  1C ). The inhibitory effects were probably due to adverse consequences of prolonged drug treatment on infected cells because HDAC inhibitors have the potential to induce cell-cycle arrest and apoptotic cell death (e.g., ref. 27). Together, our results show that inhibition of HDAC activity compensates for loss of the IE1 gene during HCMV infection in a highly efficient and specific manner.
The experiments described so far used continuous drug treatment during multiple rounds of viral replication. Interestingly, in contrast to a relatively low multiplicity of infection (0.01 TCID 50 per cell, Fig. 2A ), a 24-h pretreatment of cells infected at higher input multiplicities (0.1 or 1 TCID 50 per cell, Fig. 2 A) was equally efficient in compensating for the lack of IE1 as a continuous drug treatment throughout the course of infection (Fig. 1) . Addition of the drugs at 12 h after infection or later had no stimulatory effect on CR208 (data not shown). Moreover, the percentage of cells initiating early viral gene expression after infection at a multiplicity of Ϸ1 TCID 50 per cell, as determined by immunofluorescent detection of the ppUL44 DNA polymerase accessory protein, was only Ϸ11% in mutant, compared with Ϸ80% in WT virus infections (Fig. 2B) . This observation is consistent with earlier reports on the phenotype of CR208 (7, 8) . Pretreatment with TSA increased the number of pUL44-positive cells in CR208 infections to 76% and had little effect on the WT virus (Fig. 2B ). These observations indicate that both IE1 and HDAC inhibitors target very early events in HCMV-infected cells to facilitate HCMV gene expression.
Histone Hypoacetylation and Reduced Transcription in the Absence of IE1. Using real-time RT-PCR, we quantified the accumulation of the major IE-derived IE2 (UL122) and the early UL44 transcripts in WT and mutant virus infections. Both mRNAs accumulated to lower levels in cells infected with CR208 as compared to WT virus (Fig. 3A) , and, as has been noted (8), expression of UL44 was more severely affected than IE2. Consistent with these findings, expression from a luciferase reporter controlled by the UL44 promoter was Ϸ80-fold reduced in mutant as compared to WT virus-infected cells, and HC toxin reversed this effect, activating the UL44 promoter in the absence of IE1 by a factor of Ͼ2,500 (Fig. 3B) . Similar, but more modest, effects were observed for the major IE promoter (Fig. 3B) .
To further confirm that the major IE and UL44 promoters are subject to regulation by histone acetylation͞deacetylation, we analyzed the effects of over-expressed HDAC3 on the activity of the luciferase reporter constructs (Fig. 3C) . The HDAC significantly inhibited the activity of the major IE and UL44 promoters; IE1 partially overcame the inhibitory effect of HDAC3, and the addition of HDAC inhibitors activated both viral promoters. These results demonstrate that the activity of IE1-responsive HCMV promoters can be modulated by changes in histone acetylation.
To test directly whether IE1-mediated activation of the major IE and UL44 promoters correlates with the induction of histone acetylation, we performed chromatin immunoprecipitation assays by using an Ab that recognizes acetylated histone H4 (Fig.  4) . From 1 to 6 h after infection with WT virus, we observed a 16.1-and 3.8-fold relative increase in H4 acetylation at the major IE or UL44 promoters, respectively. In the same time interval after infection with the IE1-deficient virus, the acetylation levels went up by only 1.3-fold at the major IE and dropped 2.5-fold at the UL44 promoter. At 12 h after infection, H4 acetylation levels decreased at the major IE promoter while still increasing at the UL44 promoter during WT infection. In contrast, there was a slight increase at both promoters after infection with the mutant virus. Nevertheless, at 12 h histone acetylation was still less efficient by a factor of 4.5 (major IE promoter) or 11.6 (UL44 promoter) in mutant vs. WT virus infections. Under the same experimental conditions, both WT and mutant viruses had little effect on H4 acetylation at the cellular fos promoter, suggesting that IE1 might specifically modify the chromatin of viral genes. Similar results were obtained for acetylated histone H3 (data not shown). Our results demonstrate that IE1-mediated transcriptional activation of at least two viral promoters correlates with an increase in histone acetylation.
Interaction of IE1 and IE2 with HDAC3. To investigate whether IE1 might antagonize histone deacetylation through complex formation with cellular HDACs, we performed coimmunoprecipitation experiments. As a control, we included the IE2 protein in these assays. We searched for interactions between the viral proteins and HDAC3 because its ectopic expression was previously shown to inhibit HCMV infection (16) , and our results demonstrated that it interfered with activity of the major IE and UL44 promoters (Fig. 3C) . After cotransfection of expression plasmids encoding IE1 and Flag-tagged HDAC3, the viral protein was coprecipitated from cell extracts with a Flag-specific Ab, but not with a control Ab (Fig. 5A) . In the absence of the Flag-HDAC3 protein, IE1 was not detected in Flag-specific immunoprecipitates. IE2 protein was also found to interact with epitope-tagged HDAC3 in this experiment. Relative to the input protein levels (lysate, Fig. 5A ), a significantly larger proportion of IE2 was captured (immunoprecipitate, Fig. 5A ) with the cellular enzyme as compared to IE1. In similar experiments, cells were cotransfected with plasmids expressing HA-tagged variants of IE1 or IE2 and Flag-tagged HDAC3, and proteins were immunoprecipitated with an HA-specific Ab. The HDAC3 protein was coprecipitated with both HCMV proteins, and again binding to IE2 was more efficient than to IE1 (Fig. 5B , compare lysate to immunoprecipitate). Next, we tested whether the interaction of IE1 and IE2 with endogenous HDAC3 could be detected in extracts of HCMV-infected cells. Ab to HDAC3 Luciferase assays were performed in which MRC-5 cells were cotransfected with reporter plasmids pGL3-ICP36 (UL44 promoter) or pGL3-MIEP (major IE promoter) and empty vector (w͞o) or expression plasmids encoding HDAC3, IE1, or both. As indicated, cells were treated with 100 nM HC toxin (HCT), 2 mM sodium butyrate (NaB), or 500 nM TSA at 24 -40 h after transfection. Transfections were performed in triplicate, and mean relative light units with SEs (ϫ 10 3 for the UL44 promoter and ϫ 10 6 for the major IE promoter) are presented. Fig. 4 . Decreased histone H4 acetylation at the HCMV major IE and UL44 promoters in the absence of IE1. Chromatin immunoprecipitation assays were performed on chromatin from MRC-5 cells infected with WT (Towne) or mutant (CR208) viruses at a multiplicity of 1 TCID 50 per cell by using an Ab specific to amino-terminally acetylated histone H4-and UL44-specific, major IE-specific, or c-fos-specific primers for quantitative real-time PCR of coprecipitated DNA. PCRs were performed in triplicate, and mean values normalized to input DNA levels are presented, representing changes in acetylation at 6 and 12 h postinfection (hpi) relative to 1 h postinfection (set at 1).
coprecipitated both IE1 and IE2, and, again, a higher proportion of IE2 than IE1 in the infected cell extract was immunoprecipitated with the HDAC Ab (Fig. 5C , compare lysate to immunoprecipitate). In sum, our results demonstrate that IE1 and IE2 interact with HDAC3, both in transfected cells where the proteins are over expressed and within HCMV-infected cells.
Finally, given the association of IE2 with the HDAC, we tested whether IE2 could activate HDAC3-repressed UL44 and major IE promoters (Fig. 5D ). Both repressed promoters were activated by IE2, consistent with the view that IE2 can bind and block the activity of HDAC3.
Discussion
IE1 promotes viral transcription by antagonizing histone deacetylation. This conclusion rests on three observations. First, HDAC inhibitors complemented the growth of an IE1-deficient mutant HCMV, but did not enhance the replication of WT virus ( Figs. 1 and 2) . Second, as reported (7, 8) , the expression of viral mRNAs was reduced in mutant virus-infected cells (Fig. 3A) , and, consistent with the effect of HDAC inhibitors, the major IE and UL44 promoters were found to be hypoacetylated in IE1-deficient mutant as compared to WT virus-infected cells (Fig. 4) . Third, IE1 and HDAC3 can be coimmunoprecipitated from extracts of transfected ( Fig. 5 A and B) and virus-infected cells (Fig. 5C ). Presumably, IE1 interacts with HDAC3 in such a way as to inhibit its activity. A role for IE1 in the regulation of HDAC activity fits well with its localization to cellular chromatin (9, (11) (12) (13) . In addition to the 72-kDa IE1 protein, mRNA splice variants give rise to three smaller IE1 proteins comprised of portions of the 72-kDa protein, and two of these variants inhibit HCMV gene expression, when ectopically produced from transfected plasmids (28) . It is conceivable that this inhibition acts from a dominant-negative effect of the smaller IE1 proteins, antagonizing the ability of the 72-kDa IE1 protein to block HDAC function.
Although the case is not as strong as for IE1, it is very likely that IE2 also antagonizes histone deacetylation. IE2 and HDAC3 can be coimmunoprecipitated from extracts of transfected and infected cells (Fig. 5 A-C) and, consistent with the interaction, IE2 can overcome HDAC3-mediated inhibition of the major IE and UL44 promoters in reporter assays (Fig. 5D) .
The IE1 protein of murine cytomegalovirus has been previously shown to interact with HDAC2 (23) . Like HCMV IE1, the murine virus IE1 protein is an IE transcriptional activator protein, but the two proteins are not related in their sequence. We tested whether HCMV IE1 and HDAC2 can be coimmunoprecipitated, and we could not detect an interaction (data not shown). Consequently, although the two viruses both target HDACs, the IE1 proteins from the human and murine viruses appear to differ in the details of their activities. The replication of other herpes viruses also has been shown to be controlled by histone acetylation. For example, HDAC inhibitors accelerate viral mRNA accumulation in ICP0-deficient herpes simplex virus type 1 (29) , and ICP0 binds to HDAC4, -5, and -7 (30).
We do not yet know whether IE1 and IE2 interact with HDACs other than HDAC3 or whether they target the same or different subsets of HDACs. IE1 and IE2 mRNAs are derived from the same transcription unit by differential splicing, and the two proteins share 85 amino-terminal amino acids encoded by two common exons. It is possible that this common region contains the domain responsible for interaction with HDACs, 
